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Abstract
We have studied Electroweak Symmetry Breaking (EWSB) fine-tuning in the context of two unified
Supersymmetry scenarios: the Constrained Minimal Supersymmetric Model (CMSSM) and models with
Non-Universal Higgs Masses (NUHM), in light of current and upcoming direct detection dark matter exper-
iments. We consider both those models that satisfy a one-sided bound on the relic density of neutralinos,
Ωχ˜01h
2 < 0.12, and also the subset that satisfy the two-sided bound in which the relic density is within
the 2 sigma best fit of WMAP7 + BAO + H0 data. We find that current direct searches for dark matter
probe the least fine-tuned regions of parameter-space, or equivalently those of lowest µ, and will tend to
probe progressively more and more fine-tuned models, though the trend is more pronounced in the CMSSM
than in the NUHM. Additionally, we examine several subsets of model points, categorized by common mass
hierarchies; Mχ˜01 ∼ Mχ˜±1 ,Mχ˜01 ∼ Mτ˜1 ,Mχ˜01 ∼ Mt˜1 , the light and heavy Higgs poles, and any additional
models classified as “other”; the relevance of these mass hierarchies is their connection to the preferred
neutralino annihilation channel that determines the relic abundance. For each of these subsets of models
we investigated the degree of fine-tuning and discoverability in current and next generation direct detection
experiments.
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I. INTRODUCTION
The Minimal Supersymmetric Standard Model (MSSM) is the simplest supersymmetric exten-
sion of particle physics beyond the Standard Model. If supersymmetry is broken near the weak
scale, not only is the MSSM a framework in which gauge coupling unification can be achieved [1],
but it also provides a compelling candidate for particle dark matter [2]; the lightest supersym-
metric particle (LSP), which is expected to be stable in many supersymmetric realizations. One
of the most simple and oft-studied MSSM realizations is the constrained MSSM (CMSSM) [3],
in which the entire spectrum of particles and their interactions are specified at some high input
scale, typically the supersymmetric GUT scale, by four free parameters and a sign: a universal
mass for all gauginos, M1/2; a universal mass for all scalars, M0; a universal value for the trilinear
couplings, A0; the ratio of the Higgs vacuum expectation values, tanβ; and the sign of the Higgs
mixing parameter, µ. However, it is by no means necessary that all scalar masses are unified at a
high scale. In fact, the soft supersymmetry-breaking contributions to the Higgs scalar masses are
generally not related to the squark and slepton masses, even in the context of SUSY GUTs1.
In this paper we investigate the relationship between electroweak naturalness, direct dark matter
detection prospects, and the mass hierarchy of supersymmetric particles in two unified variants of
the MSSM: a case with full universality of scalar masses at the GUT scale, the CMSSM, and a
case in which the supersymmetry-breaking contributions to the scalar masses of the MSSM Higgs
multiplets are allowed to deviate from the universal value of the squark and slepton masses at
the GUT scale, models with Non-Universal Higgs Masses (NUHM) [6]. While it is possible that
the supersymmetry-breaking contributions to the scalar Higgs masses themselves are universal at
the GUT scale (often called NUHM1, for the one additional free parameter required to specify
the model) [7], here we examine the more general case that the two Higgs masses are unrelated
(commonly referred to as NUHM2), of which the NUHM1 is a subset. In both the CMSSM and
the NUHM, the dark matter candidate is the lightest neutralino, which is a linear combination of
the supersymmetric partners of the photon, the Z boson, and the neutral scalar Higgs particles.
Neutralino LSPs are excellent dark matter candidates, possessing roughly the right annihilation
cross section and mass to account for the observed density of cold dark matter in the universe,
assuming they are thermal relics. According to the analysis in [8], the cold dark matter density
1 We note that in the minimal supergravity (mSUGRA) framework this full universality of scalar masses does occur,
but it is absent in more general effective supergravity theories [4, 5].
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has the value
ΩCDMh
2 = 0.1127± 0.0036, (1)
where h is the Hubble constant H0 in units of 100 km/s/Mpc, ΩCDM = ρCDM/ρc is the fraction
of the dark matter density in units of the critical density ρc = 3H
2
0/(8piG) ∼ 10−29 g/cm3, and the
best fit and 1σ errors are obtained from a combination of WMAP7, BAO, and H0 data.
Despite the successes of the MSSM, fine-tuning of the Z mass is a generic issue for supersym-
metric models. Neglecting loop corrections, the Z mass in the MSSM is given by
m2Z =
|m2Hd −m2Hu |√
1− sin2 2β
−m2Hd −m2Hu − 2|µ|2, (2)
where mHu and mHd are the SUSY-breaking contributions to the effective masses of the up- and
down-type Higgs fields, respectively, and all parameters are defined at mZ . Clearly, a cancellation
of the terms on the right hand side is required in order to obtain the measured value of mZ , a
particularly unnerving situation given that typical values for parameters on the right hand side
can be orders of magnitude from the weak scale.
As noted in [9] and [10], the degree of fine-tuning may be quantified using log-derivatives. Here,
we follow [11] and compute the quantity
A(ξ) =
∣∣∣∣∂ logm2Z∂ log ξ
∣∣∣∣ , (3)
where ξ = m2Hu , m
2
Hd
, b, and µ are the relevant Lagrangian parameters. Then
A(µ) =
4µ2
m2Z
(
1 +
m2A +m
2
Z
m2A
tan2 2β
)
,
A(b) =
(
1 +
m2A
m2Z
)
tan2 2β,
A(m2Hu) =
∣∣∣∣12 cos 2β + m2Am2Z cos2 β − µ
2
m2Z
∣∣∣∣× (1− 1cos 2β + m2A +m2Zm2A tan2 2β
)
,
A(m2Hd) =
∣∣∣∣−12 cos 2β + m2Am2Z sin2 β − µ
2
m2Z
∣∣∣∣× ∣∣∣∣1 + 1cos 2β + m2A +m2Zm2A tan2 2β
∣∣∣∣ ,
(4)
where it is assumed that tanβ > 1. The overall fine-tuning ∆ is defined as
∆ =
√
A(µ)2 +A(b)2 +A(m2Hu)
2 +A(m2Hd)
2, (5)
with values of ∆ far above one indicating significant fine-tuning. Quantum corrections further
contribute to the fine-tuning, e.g. the one-loop contribution to the m2Hu parameter from top and
stop loops.
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In this paper we use the MicrOMEGAs code [12] with SUSPECT [13] to compute the fine-tuning
parameter ∆ (accurate to at least one-loop). We note that bounds on mχ˜±1
imply µ > 100 GeV.
As illustrated in Fig. 1, ∆ is strongly correlated with µ. This relationship between ∆ and µ can
be easily understood by considering the approximation
∆ =
√
5× µ
2
m2Z
+O(
1
tan2 β
), (6)
valid at large tanβ. Throughout this paper, however, we use the full calculation of Eq. 5.
The point of this paper is to study the amount of fine-tuning in the CMSSM and NUHM
under the assumption that the lightest neutralino makes up some portion of the dark matter
in the Universe, with a focus on the relationship between fine-tuning and prospects for direct
detection of dark matter in these scenarios. Direct searches for dark matter seek to detect the
scattering of dark matter particles off of nuclei in low-background detectors. Many such searches
are being pursued, among them [14–24]. For brevity, here we consider the current bounds and future
prospects specifically for the XENON experiment only. Current bounds have been presented for
100 live days of operation of the XENON-100 detector [14], while future projections are for the
ton-scale detector, XENON-1T [25]. Specifically, we apply the latest bounds from the XENON-
100 experiment on the spin-independent cross section, σSI , normalized to scattering off protons
(i.e. we divide out the dependence on the atomic number of the nucleus with which the scattering
takes place). We note that although the discussion is focused on the XENON detectors, the cross
sections we present are not specific to any particular experiment.
Fine-tuning has long been a concern for phenomenological models within the MSSM framework.
The sensitivity of the neutralino dark matter abundance to fine-tuning of the CMSSM inputs
was studied in [26], while EWSB and dark matter fine-tuning in the MSSM with non-universal
gaugino and third generation scalar masses was studied in [27]. The connection between electroweak
naturalness and neutralino-nucleus elastic scattering was explored in [28]. Most recently, [29]
examined the LHC signatures and direct dark matter search prospects for CMSSM models with
low fine-tuning, and [30] studied fine-tuning in light of recent XENON-100 and LHC constraints.
As we were completing this manuscript, we became aware also of [31], in which the relationship
between electroweak fine-tuning and the neutralino-nucleus elastic scattering cross section is also
discussed in the context of the MSSM with relevant parameters specified at the weak scale and
with the assumption that neutralinos constitute all of the dark matter in the Universe. Our results
are in agreement with their findings. In this paper, we also study the mass hierarchy of relevant
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supersymmetric particles as described below.
We assume a thermal history for the LSP and require its relic density to be less than or equal to
that of the cosmological dark matter. For a predominantly bino-like LSP, generic annihilation chan-
nels do not in general reduce the relic density sufficiently to meet constraints set by observations
of the dark matter density. Co-annihilation with another particle (χ˜±1 , t˜1, or τ˜1) or enhancement
of the annihilation cross-section by a light or heavy Higgs pole is often necessary for such LSPs.
We study each of these channels separately by categorizing models based on the mass hierarchy
of SUSY particles in each: we label them according to the near-degeneracy of the neutralino LSP
with the next-to-lightest SUSY particle (NLSP), or by the near-resonance that enhances the LSP
annihilation rate. The categories we consider are near-degeneracy of the LSP with χ˜±1 , t˜1, or τ˜1
particles, and h- and A-pole resonances. We note that if the LSP has a significant higgsino ad-
mixture, it is possible for the relic density of neutralinos to be cosmologically viable even in the
absence of a resonance or co-annihilations, and we make no a priori assumptions about the compo-
sition of the neutralino LSP. Mass hierarchies have been studied with respect to spin independent
neutralino-nucleon elastic scattering in [32]. Here we present a simplified categorization scheme in
order to focus on the fine-tuning and implications for direct dark matter searches.
102 103 104
100
101
102
103
104
µ (GeV)
∆
CMSSM
 
 
Mχ01 ≈Mχ±1
Mχ01 ≈Mτ˜1
Mχ01 ≈Mt˜1
H pole
h pole
other
102 103 104
100
101
102
103
104
µ (GeV)
∆
NUHM
 
 
Mχ01 ≈Mχ±1
Mχ01 ≈Mτ˜1
Mχ01 ≈Mt˜1
H pole
h pole
other
FIG. 1: Fine-tuning, parametrized by ∆, plotted as a function of µ in both the CMSSM and NUHM for
0 < tanβ < 60. Models are color-coded by their mass hierarchy as indicated in the legend. A one-sided
bound Ωχ˜01h
2 < 0.12 has been applied.
For all scans, we take the top mass to be mt = 173.1 GeV [33]. In both the CMSSM and the
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NUHM, we assume µ > 0 and scan the ranges 1 < tanβ < 60 and −12 TeV< A0 < 12 TeV. In
the CMSSM, we scan 0 < M0 < 4 TeV and 0 < M1/2 < 2 TeV while in NUHM space we scan
0 < M0 < 3 TeV, 0 < M1/2 < 2 TeV, and the GUT-scale Higgs scalar mass parameters −3 TeV
< MHu,d(MGUT ) < 3 TeV. We note that in the NUHM, the scan was divided into a more dense
scan for 0 < M1/2 < 1 TeV, and a less dense scan for 1 TeV< M1/2 < 2 TeV. The motivation for
this division is that lower M1/2 implies lower gaugino masses and therefore potentially interesting
LHC phenomenology to be explored in follow-up work. The non-uniform scan does not affect
the conclusions of this study, and we would like to note that the sparseness of points should not
be taken as an indication of the sparseness of the parameter space. The assumption of gaugino
universality is not relaxed here. Hence, the running of the gaugino masses (calculated using the
Renormalization Group Equations of the MSSM) results in the standard rough relations of 1:2:6
for M1 : M2 : M3 at the electroweak scale in both the CMSSM and the NUHM.
II. CONSTRAINTS
A. Accelerator Constraints
We impose a lower limit on the mass of the light CP-even Higgs boson, mh > 114 GeV [34].
All accelerator bounds on SUSY parameters were enforced, including mχ˜±1
> 104 GeV [35] and,
following [36], mt˜1,τ˜1 > 100 GeV. As in [36], we take the recommendation of the HFAG [37]
(including results from BABAR [38], Belle [39], and CLEO [40]) as well as the updated Standard
Model calculation [41], and allow the 3σ range 2.77×10−4 < Br(b→ sγ) < 4.27×10−4. From CDF
bounds we require Br(Bs → µ+µ−) < 10−7 [42]. Finally, we follow Djouadi, Drees, and Kneur to
demand −11.4× 10−10 < δ(gµ − 2) < 9.4× 10−9 [43].
B. Relic Density
A thermal cosmological history is assumed. Throughout this study, we apply an upper limit
of Ωχ˜01h
2 < 0.12 for all models in each scan. In the penultimate section, however, we further
restrict our inquiry to those models with neutralinos providing the correct relic density in the
range 0.105 < Ωχ˜01h
2 < 0.12 from Eq. (1) to two sigma.
In the following analysis, we differentiate among SUSY mass hierarchies. For those cases in
which the lightest neutralino is nearly degenerate in mass with another SUSY particle, we label
6
the models according to the near-degeneracy:
mt˜1 −mχ˜01 < 0.2mχ˜01 , (7)
mχ˜±1
−mχ˜01 < 0.15mχ˜01 , (8)
mτ˜1 −mχ˜01 < 0.2mχ˜01 . (9)
Often (but not always) this corresponds to the case of coannihilation of the LSP with the near-
degenerate particle as the primary mechanism for producing the correct relic abundance. Cases
with
mA
2
−mχ˜01 < 0.1mχ˜01 or
mh
2
−mχ˜01 < 0.1mχ˜01 (10)
are labeled as heavy Higgs pole or light Higgs pole respectively. The neutralino LSP associated
with the light Higgs pole must have mχ˜01 ∼ 50 − 60 GeV to be compatible with the current limit
on the Higgs mass. Again, most (but not all) of the models in this category have annihilation via a
Higgs pole resonance as the primary mechanism for producing a small enough relic abundance. A
small subset of the models presented here satisfy a near-degeneracy criterion and the heavy Higgs
pole criterion; these models are labeled as having both mechanisms2. Models not satisfying any
of the above criteria as labeled as “other”. These include models where the neutralino LSP has a
relatively large Higgsino component, which would reduce the relic density regardless of the mass
hierarchy.
III. (M1/2,M0) PLANE
Figure 2 illustrates the generalization of the (M1/2,M0) plane from the CMSSM (left) to the
NUHM (right). While this has been previously studied in the literature, what is new here is the
breakdown of the models by mass hierarchy as discussed above: namely, the models where the
lightest neutralino is nearly degenerate with another SUSY particle, the light and heavy Higgs
poles, and “other”. Of the mass hierarchies plotted, some appear more localized in the CMSSM
plane than in the NUHM plane. For example, the mχ˜01 ≈ mχ˜±1 points in the CMSSM all occur at
large M0 and small M1/2, because that is the only region of the CMSSM plane where the neutralino
LSP is significantly higgsino-like so that this near-degeneracy is possible. In the NUHM, however,
2 No models can satisfy both the light Higgs pole criterion as well as near mass degeneracy, since mt˜1 ,mχ˜±1
or mτ˜1
as low as 60 GeV is ruled out experimentally.
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FIG. 2: The (M1/2,M0) plane of the CMSSM (left) and the NUHM (right). Models are color-coded as
described in the legend. Note that the difference in density of the NUHM scan above and below M1/2 = 1
TeV is apparent. We stress that this is purely an artifact of a scanning choice as described in the text. A
one-sided bound Ωχ˜01h
2 < 0.12 has been applied.
the GUT-scale restriction that mHu = mHd = M0 is relaxed, resulting in significant freedom in the
Higgs sector. As a result, the neutralino LSP may be higgsino-like in any region of the (M1/2,M0)
plane. Indeed, there are mχ˜01 ≈ mχ˜±1 points spread throughout the NUHM plane in the right panel
of Fig. 2. We remind the reader that the difference in density of models visible in the right panel
of Fig. 2 is due to a difference in density of scans.
IV. IMPLICATIONS OF DIRECT DARK MATTER SEARCHES
In this section we discuss current limits on and projected sensitivity to the CMSSM and NUHM
scenarios from the XENON-100 and XENON-1T experiments.
A. Formalism
The only velocity-independent term in the four-fermion interaction Lagrangian contributing to
spin independent scattering of neutralinos with nuclei is L = αqχ¯χq¯q [44], with the coefficients αq
calculable from the particle spectrum of the model. In the zero-momentum-transfer limit, the spin
independent elastic scattering cross section for χ˜01 scattering on a nucleus with atomic number Z
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and atomic mass A can be written as
σSI =
4m2r
pi
(Zfp + (A− Z)fn)2 , (11)
where mr is the reduced χ˜
0
1-nuclear mass, and the parameters fN for N = p or n are given by
fN
mN
=
∑
q=u,d,s
f (N)q
αq
mq
+
2
27
f
(N)
G
∑
q=c,b,t
αq
mq
. (12)
The nuclear form factors for the light quarks, f
(N)
q , and the heavy quarks, f
(N)
G (induced by gluon
exchange), are [45]
mNf
(N)
q = 〈N |mq q¯q|N〉 = mqB(N)q , (13)
and
f
(N)
G = 1−
∑
q=u,d,s
f (N)q . (14)
It is useful to parametrize the scattering cross section in terms of the pion-nucleon sigma term,
σpiN , and the quantity σ0, which are related to the quark masses and B
(N)
q by
σpiN =
mu +md
2
(Bu +Bd) and σ0 =
mu +md
2
(Bu +Bd − 2Bs) , (15)
where we have dropped the superscript (N) due to the relations
B(n)u = B
(p)
d , B
(n)
d = B
(p)
u , and B
(n)
s = B
(p)
s . (16)
Finally, introducing the quantities [46]
z =
B
(p)
u −B(p)s
B
(p)
d −B(p)s
= 1.49 and y =
2Bs
Bu +Bd
= 1− σ0
σpiN
, (17)
the form factors can be written simply as
f (N)u =
muB
(N)
u
mN
=
2σpiN
mN
(
1 + mdmu
)(
1 +
B
(N)
d
B
(N)
u
) ,
f
(N)
d =
mdB
(N)
d
mN
=
2σpiN
mN
(
1 + mumd
)(
1 + B
(N)
u
B
(N)
d
) , (18)
f (N)s =
msB
(N)
s
mN
=
ms
md
y σpiN
mN
(
1 + mumd
) .
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We take the light quark mass ratios to be mu/md = 0.553 and ms/md = 18.9 [47], and adopt the
default values σpiN = 55 MeV and σ0 = 35 MeV from [12], leading to
f
(p)
u = 0.023, f
(p)
d = 0.033, f
(p)
s = 0.26,
f
(n)
u = 0.018, f
(n)
d = 0.042, f
(n)
s = 0.26.
(19)
We note that there is significant uncertainty in the value of the pion-nucleon sigma term, as
explored recently in [48]. It was found that varying σpiN from its minimal value, σ0, to the 2σ
upper bound of 80 MeV can result in a change in σSI by as much as a factor of ∼ 10, depending
somewhat on the location of the point in the CMSSM parameter space for which the calculation is
carried out. Similar effects would be observed in NUHM models. Since we choose σpiN = 55 MeV,
the exact values of σSI reported here may therefore be systematically offset by a factor of a few.
We caution the reader to interpret any apparent exclusion with this in mind, and rather to focus
on the broader trends in the following analysis.
B. XENON constraints
All models considered here are cosmologically viable, with Ωχ˜01h
2 < 0.12, and respect the collider
constraints detailed above. Throughout the paper, if a particular model point has Ωχ˜01 less than
the central value of ΩCDM given by Eq. 1, we take the local WIMP density entering the XENON
detector to be reduced by the fraction Ωχ˜01/ΩCDM . Effectively, we compute a normalized scattering
cross section,
σSI → σSI ×
Ωχ˜01
ΩCDM
. (20)
Since the count rate for low density LSPs in the detector is reduced, the bounds from XENON-100
on σSI for these models are weaker and the discoverability in XENON-1T is reduced.
3 illustrates the XENON-100 bounds on the total spin-indendepent neutralino-nucleon elastic
scattering cross section, σSI , as a function of fine-tuning, ∆, in the CMSSM and the NUHM. Red
points are ruled out by XENON-100 while black points are still viable. Clearly a far smaller fraction
of the NUHM points are ruled out compared to CMSSM points. From the general downward slope
of the points in the (∆, σSI) plane, it is evident that as ∆ becomes large, the neutralino-nucleon
elastic scattering cross sections tend to decrease in both the CMSSM and the NUHM. This is
related to the fact that large ∆ implies large µ, which, all other factors being fixed, would result
in a more bino-like LSP. Especially in the CMSSM, the least fine-tuned models tend to be the
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FIG. 3: Spin-independent neutralino-nucleon scattering cross section, σSI , as a function of fine-tuning
parameter, ∆, for the CMSSM (left) and the NUHM (right). Red points are ruled out by XENON-100 while
black points are viable. A one-sided bound Ωχ˜01h
2 < 0.12 has been applied.
easiest to rule out, with the general trend that increasing sensitivity to σSI will test increasingly
fine-tuned models.
In the NUHM, the correlation between σSI and fine-tuning does not hold as clearly. Fig. 4 plots
viable CMSSM and NUHM scenarios on the same axes, but illustrates the split into the various
mass hierarchies as indicated. In both the CMSSM and the NUHM, models with light charginos,
as well as models that fall into the “other” category, are the least fine-tuned. However, CMSSM
scenarios with light charginos all have fairly large σSI and will be probed by direct dark matter
searches in the relatively near future (e.g. XENON-1T), while in the NUHM, points with small
fine-tuning and chargino NLSPs may be much more difficult to discover via direct dark matter
searches. Given the additional freedom in the Higgs sector of the NUHM, it is perhaps surprising
that the CMSSM and the NUHM exhibit as many similarities as they do.
Further insight as to the differences between the CMSSM and the NUHM can be obtained
by considering the (mχ˜01 , σSI) plane. Fig. 5 illustrates the spin-independent neutralino-nucleon
elastic scattering cross section as a function of neutralino mass for the CMSSM (left panels) and
the NUHM (right panels). The black (upper) and green (lower) curves in each panel represent
the current upper limit on σSI from XENON-100 and the projected sensitivity of XENON-1T,
respectively. In the top panels, model points are color-coded on a sliding scale according to the
11
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FIG. 4: Spin-independent neutralino-nucleon scattering cross section, σSI , as a function of fine-tuning
parameter, ∆, for the CMSSM (left) and the NUHM (right). Color-coding indicates SUSY mass hierarchy
as described in the legend. A one-sided bound Ωχ˜01h
2 < 0.12 has been applied.
value of the fine-tuning parameter, ∆, while in the lower panels, model points are color-coded by
mass hierarchy as indicated in the legend. From the top panels of Fig. 5, it is evident that direct
dark matter searches most easily test models with the least fine-tuning in EWSB (small ∆), and
probe progressively more fine-tuned models as experiments become more sensitive to σSI . In fact,
the current limit from XENON-100 already excludes some of the least fine-tuned models.
The relationship between σSI and ∆ can be understood by considering the role of µ in the
determination of each quantity. As we have shown in Fig. 1, the value of the fine-tuning parameter
is strongly correlated with that of µ, especially at large tanβ. In all cases, highly fine-tuned
models have large µ. The composition of the lightest neutralino is also related to the value of
µ, i.e. for µ < M1 the neutralino LSP has a substantial higgsino component, while for µ  M1
it remains nearly entirely bino-like. Additionally, the spin-independent neutralino-nucleon elastic
scattering cross section increases as the higgsino admixture increases. So small ∆ implies small
µ, which means the LSP is more likely to be substantially higgsino-like and therefore σSI may
be quite large. Indeed, the top panels of Fig. 5 demonstrate that the least fine-tuned models
are the ones most likely to be found in the next generation of direct detection experiments. We
note, however, that as the LSP becomes purely higgsino, σSI may again decrease: Since Higgs
exchange is the dominant scattering process, and since Higgs exchange can occur only through
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FIG. 5: Spin-independent neutralino-nucleon elastic scattering cross section, σSI , as a function of neutralino
mass Mχ˜01 for the CMSSM (left panels) and the NUHM (right panels). In the upper panels, model points
are color-coded on a sliding scale according the the value of the fine-tuning parameter, ∆, while in the lower
panels, model points are color-coded by mass hierarchy as indicated in the legend. The current limit on σSI
from Xenon-100 is shown as the black curve, while the projected sensitivity of XENON-1T is represented
by the green curve. A one-sided bound Ωχ˜01h
2 < 0.12 has been applied.
gaugino-higgsino-Higgs couplings, a purely higgsino LSP would result in suppressed σSI , also.
There is significantly more variation in the neutralino-nucleon elastic scattering cross section in
the NUHM than in the CMSSM, especially for mχ˜01 . 150 GeV or mχ˜01 & 700 GeV. This, too, is
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a consequence of the additional freedom in the Higgs sector in the NUHM: Since µ is fixed by the
electroweak vacuum conditions, which are related to the Higgs scalar masses, the LSP can be made
Higgsino-like for nearly all choices of M1/2 and M0. Furthermore, it is possible to maintain nearly
the measured value of the relic density of neutralinos even if they are nearly completely higgsino-
like. This is not possible in the CMSSM, where dominantly higgsino LSPs have Ωχ˜01 well below
the WMAP-measured range for ΩCDM . In both the CMSSM and the NUHM, if model points have
Ωχ˜01  ΩCDM , they appear in Fig. 5 as having significantly scaled σSI . For dominantly higgsino
LSPs, the scaling is inevitable in the CMSSM, while the NUHM will contain CMSSM points (and
others) that are significantly scaled as well as points for which no scaling is necessary. Additionally,
the LSP may be purely higgsino in the NUHM, and therefore have very low σSI , while this does
not occur in the CMSSM. The result is a larger range of effective scattering cross sections for the
NUHM. However, a third and more dominant effect also stems from the additional freedom in
the Higgs sector of the NUHM: The Higgs masses are not constrained by the choice of M0 in the
NUHM, so a larger range of Higgs masses are possible. Since σSI ∝ 1/m4H for scattering via Higgs
exchange, there is a much larger range of possible scattering cross sections in the NUHM than
in the CMSSM. Higgs masses are bounded from below by collider constraints in all cases, so the
amount by which the Higgs masses in NUHM scenarios can be smaller than those in the CMSSM
is limited. However, Higgs masses can be much larger in the NUHM than in the CMSSM, resulting
in lower scattering cross sections. These findings are consistent with those presented in [7].
Thus far, our discussion of viable models has required only that the relic abundance of neutrali-
nos not exceed the measured dark matter abundance. In many cases, the abundance of neutralino
dark matter is quite small, such that a secondary source of astrophysical cold dark matter is nec-
essary. In the top panels of Fig. 6, we show the (mχ˜01 , σSI) plane, color-coded to illustrate the
resulting value of Ωχ˜01h
2 for each model. Again, all points satisfy the upper bound of Ωχ˜01h
2 < 0.12,
but the variation in Ωχ˜01h
2 is clear. In the CMSSM, points with Ωχ˜01h
2 ≈ ΩCDMh2 tend to have
larger cross sections than points with Ωχ˜01h
2  ΩCDMh2. This is somewhat expected, given the
scaling of σSI according to Eq. 20. In the NUHM, however, a correlation between Ωχ˜01h
2 and σSI
is less obvious; only for mχ˜01 & 300 GeV and relatively large σSI is it somewhat apparent in the
upper right panel of Fig. 6.
In the lower panels of Fig. 6, we show the (∆, σSI) plane, again for the CMSSM (left) and
NUHM (right), with the same color-coding for Ωχ˜01h
2 as in the top panels. When displayed this
way, the effect of scaling the scattering cross section by Ωχ˜01/ΩCDM is more clear: For any value
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FIG. 6: In the top panels, the scattering cross section, σSI , is plotted against mχ˜01 with both the Xenon-100
bound and the projected sensitivity of the Xenon 1T experiment as shown. In the bottom panels, the
scattering cross section is plotted against the fine-tuning parameter, ∆. Left panels are for the CMSSM;
right panels are for the NUHM. Points are colored by the value Ωχ˜01h
2 in each case.
of ∆ (i.e. some small range of values of µ), the largest cross sections tend to come from points
with approximately the right relic abundance of neutralino dark matter, while points for which the
abundance of neutralinos is far below ΩCDM tend to have smaller effective σSI after the scaling.
We point out, however, that there are several scenarios in both the CMSSM and the NUHM where
Ωχ˜01 = ΩCDM but σSI < 10
−10 pb. In the CMSSM, the points with the lowest σSI typically have
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very large fine-tuning of ∆ & 103, while in the NUHM, there are many very low σSI scenarios for
∆ as small as ∼ 200.
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FIG. 7: Scattering cross-section σSI is plotted against Mχ˜01 for the CMSSM with the XENON 100 bound
and projected XENON 1T sensitivity shown. Models are split by SUSY mass-hierarchy.
Returning to the question of the relationship between mass heirarchy and fine-tuning, Figs. 7
and 8 show the (mχ˜01 , σSI) plane, with the current limit on σSI from XENON-100 and the projected
sensitivity of XENON-1T, for a variety of subsets of our CMSSM and NUHM parameter spaces
chosen by mass hierarchy as described previously. In Fig. 7, the CMSSM is explored, while in
Fig. 8, the NUHM is explored.
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FIG. 8: Scattering cross-section σSI is plotted against Mχ˜01 for the NUHM with the XENON 100 bound and
projected XENON 1T sensitivity shown. Models are split by SUSY mass-hierarchy.
Models with mχ˜01 ≈ mχ˜±1 : The top-left panel of Figs. 7 and 8 show the (mχ˜01 , σSI) plane for the
subset of CMSSM and NUHM scenarios in which the lighter chargino is nearly degenerate with the
neutralino. In these models, the neutralino has a significant higgsino component: If µ M1,M2,
then mχ˜01 would be set by M1 and mχ˜±1
would be set by M2. However, in both the CMSSM and
the NUHM, the ratio M1 : M2 ≈ 1 : 2 at the weak scale, so the lightest chargino would be about
twice as massive as the lightest neutralino (in this case, co-annihilation of χ˜01 with χ˜
±
1 would not be
possible). The models shown in the upper left panels of Figs. 7 and 8 have µ .M1, and therefore
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a significantly higgsino-like LSP and lighter chargino.
In both the CMSSM and the NUHM, the value of the fine-tuning parameter ∆ increases some-
what with WIMP mass: Since the neutralino LSP has a significant higgsino component, its mass is
therefore related to µ, which is in turn related to ∆. Another consequence of requiring M1 > µ is
that the SU(3) gaugino, the gluino, also must be quite heavy, such that they may be more difficult
to discover at the LHC.
As µ is relatively small for mχ˜01 ≈ mχ˜±1 , these models typically have low fine-tuning and are
among the most accessible at direct detection experiments, possessing the relatively large scattering
cross sections associated with mixed bino-higgsino LSPs. As already noted above, in the CMSSM,
some of these points have already been ruled out by XENON-100, and all are well within the
sensitivity of XENON-1T, while in the NUHM, the range of possible σSI extends below the reach
of XENON-1T. We remind the reader that the exact sensitivity of direct detection experiments
to neutralino-nucleon scattering depends on the nuclear form factors as discussed in section IV A,
and we use the projected XENON-1T reach primarily as a guide to compare the prospects in the
CMSSM and the NUHM.
Models with mχ˜01 ≈ mτ˜1: The top-right panels of Figs. 7 and 8 show the (mχ˜01 , σSI) plane for
the subset of CMSSM and NUHM scenarios in which the lighter stau is nearly degenerate with
the lightest neutralino. In both the CMSSM and the NUHM, the least fine-tuned models are the
most accessible to direct detection experiments. Since these models are defined by mχ˜01 ≈ mτ˜1 , if
the neutralino LSP is light, the lighter stau will also be quite light, and therefore may be easily
accessible at the LHC. In the CMSSM, all cases with very light mχ˜01 ≈ mτ˜1 . 180 GeV would be
accessible to XENON-1T, however this conclusion does not hold for the NUHM, where there is
considerably more variation in both σSI and ∆. In both the NUHM and the CMSSM, there are
scenarios with heavy χ˜01 and τ˜1 that would not be discovered by XENON-1T.
Models with mχ˜01 ≈ mt˜1: The bottom left panels of Figs. 7 and 8 show the (mχ˜01 , σSI) plane for
the subset of CMSSM and NUHM scenarios in which the lighter stop is nearly degenerate with
the lightest neutralino. Although it seems that the neutralino in this case will not be discoverable
even with XENON-1T in either the CMSSM or the NUHM, a low t˜1 mass is easily detectable at
the LHC. However, one can see that almost all of the points are quite fine-tuned with ∆ > 1000.
One can understand the required high fine-tuning in the following way. In order to get mt˜1
to be low enough to be close to the LSP mass, the running of mt˜1 must be accelerated; this can
be achieved with a large value of |At| > 1 TeV. These large values of At also drive mHu to be
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large and negative. One can see from Eq. 2 that in order for EWSB to produce the observed
value of mZ , in the CMSSM, a large value of µ is then required, corresponding to large fine-
tuning, ∆. Thus CMSSM models with mχ˜01 ∼ mt˜1 are quite fine-tuned. Because of the additional
freedom in the Higgs sector in the NUHM, it is possible for NUHM points with mχ˜01 ≈ mτ˜1 to have
somewhat lower fine-tuning than the corresponding points in the CMSSM. However, the fine-tuning
is uncomfortably large in both the CMSSM and the NUHM for mχ˜01 ≈ mt˜1 .
Models at a Higgs pole: The lower right panels of Figs. 7 and 8 show the (mχ˜01 , σSI) plane for
the subset of CMSSM and NUHM scenarios in which annihilations of the lightest neutralino are
enhanced by the presence of a Higgs pole.
The light Higgs pole is defined as mχ˜01 ≈ mh/2 ∼ 50-60 GeV. In these cases, both M1 and
µ must be small to generate such a light neutralino LSP. Since we have assumed gaugino mass
unification at the GUT scale, the entire gaugino sector must then have correspondingly low mass.
In the CMSSM, since µ is necessarily small in this region of parameter space, the fine-tuning, ∆ is
also small. In the NUHM, µ, and therefore ∆, may be somewhat larger. This region in CMSSM
was previously studied in [49].
The heavy Higgs pole is defined as mχ˜01 ∼ mA/2, where annihilations of lightest neutralinos
through s-channel A-exchange are enhanced. Here, mχ˜01 & 90 GeV. Again, because of the additional
freedom in the Higgs sector in the NUHM, the parameter space for A-pole annihilations is larger
than in the CMSSM, resulting in a larger range of σSI in the NUHM than in the CMSSM. We
note that the CMSSM is a subset of the NUHM, so the points in Fig. 7 that are excluded by
XENON-100 would also appear in Fig. 8 had the parameter space scan been adequately dense. In
the CMSSM, A-pole points at lower mχ˜01 and with larger σSI , i.e. the most accessible to direct
dark matter searches, are the least fine-tuned. In the NUHM, that conclusion does not hold; points
with ∆ as small as a few ×10 have cross sections that will not be probed even by XENON-1T.
V. NEUTRALINOS WITH CORRECT RELIC DENSITY
To this point, we have enforced only an upper bound on the neutralino relic density, Ωχ˜01h
2 <
0.12. In this section, we make the further restriction that neutralinos provide the entire content
of the dark matter of the Universe, i.e., Ωχ˜01 = ΩCDM in Eq. (1). Clearly far fewer points remain,
but there are still some interesting trends.
With this additional constraint, the relation between ∆ and µ is plotted in Fig. 9. The approx-
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imate relationship ∆ ∝ µ2 still holds, and has far less scatter at low µ for the following reason: As
µ decreases below M1, the lightest neutralino becomes increasingly higgsino-like, and less bino-like,
resulting in a lower relic abundance of neutralinos. In many cases, this abundance is below the
WMAP-measured dark matter range specified in Eq. 1. By comparison with Fig. 1, many of the
points at low µ have a neutralino abundance that is not sufficient to make up the dark matter, and
are therefore absent from Fig. 9.
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FIG. 9: Again, fine-tuning parametrized by ∆ plotted against µ. The scatter at low ∆ disappears when the
lower bound on Ω is enforced.
When the two-sided bound on Ωχ˜01h
2 is enforced, many points with low fine-tuning, ∆, are
eliminated. From the bottom panels of Fig. 6, one can see that even in the CMSSM (and moreso
in the NUHM), there is significant parameter space with small ∆ and Ωχ˜01  ΩCDM . We remind
the reader that these points typically have small σSI because of the scaling necessary to compare
with direct dark matter searches. When these scaled points are eliminated, a stronger correlation
between σSI and ∆ emerges, even for the NUHM, as evidenced in the top panels of Fig. 10.
The implications of the results of the XENON experiment for fine-tuning are, for the most
part, not qualitatively different when the second bound is enforced, as seen in the bottom panels
of Fig. 10. For the CMSSM, the anti-correlation between fine-tuning and ease of detectability is
clear. While the general trend is still present in the NUHM, very fine-tuned points may be found
at much larger σSI and points with low fine-tuning may be found at much smaller σSI than in the
CMSSM. In fact, in the NUHM, low values of ∆ ∼ 200 can have scattering cross sections as low
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as σSI ≈ few × 10−11. The lower limit of what direct detection experiments will ever be able to
probe is σSI ≈ 10−12 pb, below which astrophysical neutrinos produce an irreducible background
to any WIMP dark matter search [50].
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FIG. 10: Spin-independent cross-section for the CMSSM (left) and the NUHM (right) for neutralinos with
correct relic density Ωχ˜01 = ΩCDM . In the top two panels, σSI is plotted against ∆; models are color-coded
by mass hierarchy as shown in the legend. In the bottom two panels, σSI is plotted against Mχ˜01 with the
Xenon-100 and projected XENON-1T bounds as shown; models are shaded by ∆. Many of the lowest ∆
points have disappeared due to the two-sided bound.
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VI. CONCLUSION
We have studied EWSB fine-tuning in the CMSSM and the NUHM, in light of current and
upcoming direct detection experiments. Fine-tuning of EWSB can be approximated well as a
monotonically increasing function of µ. We studied models satisfying first a one-sided bound on
the relic density Ωχ˜01 < 0.12 and then a two-sided bound in which the relic density is within the 2σ
best fit of WMAP7 + BAO + H0 data. Our results are qualitatively similar in both cases. We find
that current direct searches for dark matter probe the least fine-tuned regions of parameter-space,
or equivalently those of lowest µ, and will tend to probe progressively more and more fine-tuned
models, though the trend is more pronounced in the CMSSM than in the NUHM.
There is more variation in the spin-independent neutralino-nucleon elastic scattering cross sec-
tion in the NUHM than in the CMSSM, especially for mχ˜01 . 150 GeV or mχ˜01 & 700 GeV. This
is a consequence of the additional freedom in the Higgs sector of the NUHM. The larger range of
CP-even Higgs scalar masses in the NUHM dramatically affects the elastic scattering cross section,
which is dominated by Higgs exchange. Since the Higgs masses are bounded from below, but not
bounded from above, this tends to push σSI to lower values in the NUHM than would be expected
in the CMSSM. There is also a competing effect: Higgsino-like dark matter is less correlated with
Ωχ˜01 in the NUHM than in the CMSSM, leading to significant variation in the effective scattering
cross section, σSIΩχ˜01/ΩCDM . Unless the LSP is purely higgsino (a case which occurs only in the
NUHM and not in the CMSSM), this effect tends to push σSI to larger values. In general, the
result is an expanded range of viable neutralino-nucleon scattering cross sections in the NUHM
relative to that in the CMSSM, and a lower level of correlation between the degree of fine-tuning
and direct detection prospects.
Additionally, we examined the relationship between electroweak fine-tuning and SUSY mass
hierarchy, studying the specific cases of Mχ˜01 ≈Mχ˜±1 ,Mχ˜01 ≈Mτ˜1 ,Mχ˜01 ≈Mt˜1 , the light and heavy
Higgs poles, and any additional models classified as “other”. Requiring only that neutralino dark
matter make up some fraction of the dark matter in the Universe, we find that XENON-100 has
already ruled out a significant fraction of parameter space in the CMSSM with low fine-tuning,
but a less significant chunk of the NUHM. In both cases, models with mχ˜01 ≈ mχ˜±1 may have
low fine-tuning but large gaugino masses. For Mχ˜01 ∼ Mτ˜1 , in the CMSSM most cases with very
light mχ˜01 ≈ mτ˜1 . 200 GeV would be accessible to XENON-1T, and all cases are well above the
irreducible neutrino background at σSI ≈ 10−12 pb. However, for the NUHM, it is possible that
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the lightest neutralino has σSI . 10−12 pb for a large range of mχ˜01 . For the case of Mχ˜01 ∼Mt˜1 , a
low t˜1 mass is easily detectable at the LHC, but it is clear that the neutralino dark matter would
not be discoverable even with XENON-1T. Furthermore one can see that almost all of the points
in this case are quite fine-tuned with ∆ > 1000.
When we apply the two-sided bound on the relic density, some of the least fine-tuned (lowest ∆)
points do not survive. The implications of the results of the Xenon experiment for fine-tuning are,
for the most part, not qualitatively different when the lower bound is enforced. In the CMSSM, if
neutralino LSPs are light or have small ∆ < 200, then they will be seen or ruled out by the next
generation direct detection scattering experiments such as XENON-1T. For the NUHM, however,
models with low values of ∆ ∼ 200 may evade detection by XENON-1T.
Acknowledgements: This research is supported in part by Department of Energy (DOE) grant
DE-FG02-95ER40899 and by the Michigan Center for Theoretical Physics. P.S. is supported
by the National Science Foundation under Grant Number PHY-0969020 and by the University
of Utah. KF thanks the Texas Cosmology Center (TCC) where she is a Distinguished Visiting
Professor. TCC is supported by the College of Natural Sciences and the Department of Astronomy
at the University of Texas at Austin and the McDonald Observatory. KF also thanks the Aspen
Center for Physics for hospitality during her visit. Additionally, we thank Daniel Feldman for
helpful comments.
[1] J. R. Ellis, S. Kelley and D. V. Nanopoulos, Phys. Lett. B 260 (1991) 131; U. Amaldi, W. de Boer and
H. Furstenau, Phys. Lett. B 260 (1991) 447; P. Langacker and M. x. Luo, Phys. Rev. D 44 (1991) 817;
C. Giunti, C. W. Kim and U. W. Lee, Mod. Phys. Lett. A 6 (1991) 1745.
[2] J. Ellis, J.S. Hagelin, D.V. Nanopoulos, K.A. Olive and M. Srednicki, Nucl. Phys. B 238 (1984) 453;
see also H. Goldberg, Phys. Rev. Lett. 50 (1983) 1419.
[3] A. H. Chamseddine, R. L. Arnowitt, P. Nath, Phys. Rev. Lett. 49, 970 (1982); P. Nath, R. L. Arnowitt,
A. H. Chamseddine, Phys. Lett. B121, 33 (1983); L. J. Hall, J. D. Lykken, S. Weinberg, Phys. Rev.
D27, 2359-2378 (1983); R. L. Arnowitt, P. Nath, Phys. Rev. Lett. 69, 725-728 (1992); G. G. Ross,
23
R. G. Roberts, Nucl. Phys. B377, 571-592 (1992); M. Drees and M. M. Nojiri, Phys. Rev. D 47 (1993)
376 [arXiv:hep-ph/9207234]; V. D. Barger, M. S. Berger, P. Ohmann, Phys. Rev. D47, 1093-1113
(1993), [hep-ph/9209232]; G. L. Kane, C. F. Kolda, L. Roszkowski, J. D. Wells, Phys. Rev. D49,
6173-6210 (1994), [hep-ph/9312272]; H. Baer and M. Brhlik, Phys. Rev. D 53, 597 (1996), [arXiv:hep-
ph/9508321];
[4] E. Cremmer, S. Ferrara, C. Kounnas, D. V. Nanopoulos, Phys. Lett. B133, 61 (1983).
[5] J. R. Ellis, A. B. Lahanas, D. V. Nanopoulos, K. Tamvakis, Phys. Lett. B134, 429 (1984).
[6] D. Matalliotakis and H. P. Nilles, Nucl. Phys. B 435 (1995) 115, [arXiv:hep-ph/9407251]; M. Olechowski
and S. Pokorski, Phys. Lett. B 344, 201 (1995) [arXiv:hep-ph/9407404]; V. Berezinsky, A. Bottino,
J. Ellis, N. Fornengo, G. Mignola and S. Scopel, Astropart. Phys. 5 (1996) 1, [arXiv:hep-ph/9508249];
J. R. Ellis, T. Falk, K. A. Olive, Y. Santoso, Nucl. Phys. B652, 259-347 (2003), [hep-ph/0210205];
L. Roszkowski, R. Ruiz de Austri, R. Trotta, Y. -L. S. Tsai, T. A. Varley, Phys. Rev. D83, 015014
(2011), [arXiv:0903.1279 [hep-ph]].
[7] H. Baer, A. Mustafayev, S. Profumo, A. Belyaev and X. Tata, Phys. Rev. D 71, 095008 (2005)
[arXiv:hep-ph/0412059]. H. Baer, A. Mustafayev, S. Profumo, A. Belyaev and X. Tata, JHEP 0507
(2005) 065, hep-ph/0504001; J. R. Ellis, K. A. Olive, P. Sandick, Phys. Rev. D78, 075012 (2008).
[arXiv:0805.2343 [hep-ph]]; J. Ellis, K. A. Olive, P. Sandick, New J. Phys. 11, 105015 (2009).
[arXiv:0905.0107 [hep-ph]]; P. Sandick, AIP Conf. Proc. 1241, 450 (2010) [arXiv:0911.4451 [hep-ph]].
[8] WMAP 7-year Cosmological Interpretations E. Komatsu, K. M. Smith, J. Dunkley, et al.
arXiv:1001.4538v3 [astro-ph.CO]
[9] J. R. Ellis, K. Enqvist, D. V. Nanopoulos, F. Zwirner, Mod. Phys. Lett. A1, 57 (1986).
[10] R. Barbieri and G. F. Giudice, Nucl. Phys. B 306, 63 (1988).
[11] M. Perelstein, C. Spethmann, JHEP 0704, 070 (2007). [hep-ph/0702038 [HEP-PH]].
[12] Micromegas: G. Blanger, F. Boudjema, A. Pukhov, A. Semenov, arXiv:0803.2360 [hep-ph]; G. Blanger,
F. Boudjema, A. Pukhov, A. Semenov, Comput.Phys.Commun.176:367-382,2007 hep-ph/0607059;
[13] A. Djouadi, J. L. Kneur and G. Moultaka, Comput. Phys. Commun. 176, 426 (2007) [arXiv:hep-
ph/0211331].
[14] E. Aprile et al. [XENON100 Collaboration], arXiv:1104.2549 [astro-ph.CO].
[15] Z. Ahmed et al. [ CDMS-II Collaboration ], Phys. Rev. Lett. 106, 131302 (2011). [arXiv:1011.2482
[astro-ph.CO]].
[16] Z. Ahmed et al. [ CDMS and EDELWEISS Collaborations ], Phys. Rev. D84, 011102 (2011).
[arXiv:1105.3377 [astro-ph.CO]].
[17] C. Hall, D. Akerib, X. Bai, S. Bedikian, A. Bernstein, A. Bolozdynya, A. Bradley, S. B. Cahn et al.,
PoS ICHEP2010, 431 (2010).
[18] C. E. Aalseth et al. [CoGeNT collaboration], Phys. Rev. Lett. 106, 131301 (2011) [arXiv:1002.4703
[astro-ph.CO]].
[19] E. Behnke, J. Behnke, S. J. Brice, D. Broemmelsiek, J. I. Collar, P. S. Cooper, M. Crisler, C. E. Dahl
24
et al., Phys. Rev. Lett. 106, 021303 (2011). [arXiv:1008.3518 [astro-ph.CO]].
[20] R. Bernabei, P. Belli, F. Cappella, R. Cerulli, C. J. Dai, A. d’Angelo, H. L. He, A. Incicchitti et al.,
Eur. Phys. J. C67, 39-49 (2010). [arXiv:1002.1028 [astro-ph.GA]].
[21] E. Behnke et al. [COUPP Collaboration], Science 319, 933 (2008) [arXiv:0804.2886 [astro-ph]].
[22] G. Angloher et al., Astropart. Phys. 18, 43 (2002).
[23] L. Stodolsky and F. Probst, talk at “The Dark Side of the Universe,” Ann Arbor, May 2004.
[24] S. T. Lin et al. [TEXONO Collaboration], Phys. Rev. D 79, 061101 (2009) [arXiv:0712.1645 [hep-ex]].
[25] E. Aprile, L. Baudis, f. t. X. Collaboration, PoS IDM2008, 018 (2008). [arXiv:0902.4253 [astro-ph.IM]].
[26] J. R. Ellis, K. A. Olive, Phys. Lett. B514, 114-122 (2001). [hep-ph/0105004].
[27] S. F. King, J. P. Roberts, JHEP 0609, 036 (2006). [hep-ph/0603095].
[28] R. Kitano and Y. Nomura, arXiv:hep-ph/0606134.
[29] S. Cassel, D. M. Ghilencea, S. Kraml, A. Lessa and G. G. Ross, JHEP 1105 (2011) 120 [arXiv:1101.4664
[hep-ph]]. S. Cassel, arXiv:1107.4770 [hep-ph].
[30] M. Farina, M. Kadastik, D. Pappadopulo, J. Pata, M. Raidal, A. Strumia, Nucl. Phys. B853, 607-624
(2011). [arXiv:1104.3572 [hep-ph]].
[31] M. Perelstein and B. Shakya, arXiv:1107.5048 [hep-ph].
[32] D. Feldman, Z. Liu, P. Nath, Phys. Lett. B662, 190-198 (2008). [arXiv:0711.4591 [hep-ph]]; D. Feld-
man, Nucl. Phys. Proc. Suppl. 200-202, 82-92 (2010). [arXiv:0908.3727 [hep-ph]]; D. Feldman, Z. Liu,
P. Nath, Phys. Rev. D81, 095009 (2010). [arXiv:0912.4217 [hep-ph]].
[33] [ Tevatron Electroweak Working Group and CDF and D0 Collaboration ], [arXiv:0903.2503 [hep-ex]].
[34] Joint LEP 2 Supersymmetry Working Group, Combined LEP Chargino Results, up to 208 GeV,
http://lepsusy.web.cern.ch/lepsusy/www/inos moriond01/charginos pub.html; LEP Higgs
Working Group for Higgs boson searches, OPAL Collaboration, ALEPH Collaboration, DELPHI Col-
laboration and L3 Collaboration, Phys. Lett. B 565 (2003) 61 [arXiv:hep-ex/0306033]; Search for
neutral Higgs bosons at LEP, paper submitted to ICHEP04, Beijing, LHWG-NOTE-2004-01, ALEPH-
2004-008, DELPHI-2004-042, L3-NOTE-2820, OPAL-TN-744,
http://lephiggs.web.cern.ch/LEPHIGGS/papers/August2004 MSSM/index.html.
[35] G. Abbiendi et al. [ OPAL Collaboration ], Eur. Phys. J. C35, 1-20 (2004). [hep-ex/0401026].
[36] D. Feldman, Z. Liu, P. Nath, Phys. Rev. D80, 015007 (2009). [arXiv:0905.1148 [hep-ph]].
[37] E. Barberio et al. [ Heavy Flavor Averaging Group Collaboration ], [arXiv:0808.1297 [hep-ex]].
[38] B. Aubert et al. [ BaBar Collaboration ], [hep-ex/0207076].
[39] P. Koppenburg et al. [ Belle Collaboration ], Phys. Rev. Lett. 93, 061803 (2004). [hep-ex/0403004].
[40] S. Chen et al. [ CLEO Collaboration ], Phys. Rev. Lett. 87, 251807 (2001). [hep-ex/0108032].
[41] M. Misiak, H. M. Asatrian, K. Bieri, M. Czakon, A. Czarnecki, T. Ewerth, A. Ferroglia, P. Gambino
et al., Phys. Rev. Lett. 98, 022002 (2007). [hep-ph/0609232].
[42] F. Abe et al. [CDF Collaboration], Phys. Rev. D 57 (1998) 3811;
D. Acosta et al. [CDF Collaboration], Phys. Rev. Lett. 93 (2004) 032001, hep-ex/0403032;
25
V. Abazov et al. [D0 Collaboration], Phys. Rev. Lett. 94 (2005) 071802, hep-ex/0410039;
D0 Collaboration, D0note, 4733-CONF, see:
www-d0.fnal.gov/Run2Physics/WWW/results/prelim/B/B21/B21.pdf ;
M. Herndon [CDF and D0 Collaborations], FERMILAB-CONF-04-391-E. Published Proceedings 32nd
International Conference on High-Energy Physics (ICHEP 04), Beijing, China, August 16-22, 2004;
CDF Collaboration, CDF note 7670, see:
www-cdf.fnal.gov/physics/new/bottom/050407.blessed-bsmumu .
[43] A. Djouadi, M. Drees, J. -L. Kneur, JHEP 0603, 033 (2006). [hep-ph/0602001].
[44] T. Falk, A. Ferstl, K. A. Olive, Phys. Rev. D59, 055009 (1999). [hep-ph/9806413].
[45] M. A. Shifman, A. I. Vainshtein, V. I. Zakharov, Phys. Lett. B78, 443 (1978); A. I. Vainshtein,
V. I. Zakharov, M. A. Shifman, Sov. Phys. Usp. 23, 429-449 (1980).
[46] H. -Y. Cheng, Phys. Lett. B219, 347 (1989).
[47] H. Leutwyler, Phys. Lett. B378, 313-318 (1996). [hep-ph/9602366].
[48] J. R. Ellis, K. A. Olive, C. Savage, Phys. Rev. D77, 065026 (2008). [arXiv:0801.3656 [hep-ph]].
[49] D. Feldman, K. Freese, P. Nath, B. D. Nelson, G. Peim, Phys. Rev. D84, 015007 (2011).
[arXiv:1102.2548 [hep-ph]].
[50] L. E. Strigari, New J. Phys. 11, 105011 (2009) [arXiv:0903.3630 [astro-ph.CO]].
26
